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RESUME 
Les systèmes d’infiltration sont largement utilisés, afin de gérer les eaux de 
ruissellement pluvial tant d’un point de vu quantitatif que qualitatif. Cependant, le taux 
de traitement des Matières en Suspension (MES) n’a pas été modélisé de façon 
satisfaisante. Des expériences en laboratoires ont donc été menées, afin de mieux 
comprendre le transport solide ainsi que les processus de colmatage qui prennent 
place dans les systèmes d’infiltration. Deux modèles existant ont été étudiés: le 
modèle de Yao et le modèle k-C*. Le but principal est la modélisation des solides 
avec un diamètre inférieur à 6μm. En effet, ce sont ces particules qui ont été 
identifiées comme le vecteur principal du colmatage et aussi portant les plus hauts 
niveaux de polluants. Les deux modèles représentent le comportement des systèmes 
d’infiltration lorsqu’ils sont propres de manière satisfaisante. Cependant, ils ont tous 
deux échoués à modéliser le comportement des systèmes âgés, une fois que les 
solides se sont accumulés dans le système. Enfin, une modification du modèle de 
Yao est aussi proposée pour les filtres propres. 
ABSTRACT 
Stormwater infiltration systems are widely used to address the hydraulic and water 
quality impacts of urbanisation. However, the treatment rate of TSS in gravel filters, 
the filter media used in most of the stormwater infiltration systems, has not been 
reliably modelled. In order to investigate the solids transport through the gravel filters 
and clogging of the stormwater infiltration systems, the laboratory investigations were 
carried out with different flow regimes and variables. To develop a model of the 
sediment particles transport through the gravel filter, the two existing filtration models, 
k-C* and Yao, were investigated. The emphasis was on modelling of the particles less 
than 6μm, that are responsible for clogging of the stormwater infiltration as well often 
having the highest associated pollutant concentration most polluted.  It was found that 
although these models were able to predict behaviour of sediment in clean filters, 
they both failed to simulate behaviours in the aged filters, when the sediments were 
accumulated. Furthermore, a modification to the original Yao Model for clean filters 
was also proposed.  
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1 INTRODUCTION 
Stormwater infiltration systems have been recognised as an effective way to minimise 
the impacts of urbanisation on receiving waters. These systems divert urban 
stormwater away from the surface runoff path by temporarily storing and then 
infiltrating it into the surrounding soils. Stormwater infiltration systems are typically 
constructed as simple excavations filled with gravel or crushed stones. Some 
examples include infiltration trenches, basins, porous pavements and soakaways. 
One of the main advantages of stormwater infiltration trenches/soakaways is that they 
can be constructed where there is limited land availability.   
Studies of long term performance of infiltration systems (Lindsey et al. 1992; 
Raimbault et al. 1999; Barrett et al. 2004; Le Coustumer and Barraud 2006) have 
commonly shown a reduction in their infiltration capacity due to clogging.  Although it 
is widely reported that stormwater gravel filters are very effective in removing 
sediment from stormwater (Newton, 2005, Pratt 1995, Mikkelsen et al. 1996), very 
little work has been done to understand the changes in their treatment performance 
over time due to clogged. A recent laboratory study showed that reduction of 
infiltration capacity of stormwater gravel filters over time will affect their treatment 
performance (Hatt et. al, in press).  
Very few models have been developed that can predict sediment removal in 
stormwater filters (Mikkelsen et al. 1996, Newton, 2005), and none that can model 
changes in sediment removal over time due to filter clogging. Even models of clean 
filters are very rare and have not yet been tested for stormwater (Newton, 2005). It is 
therefore important to study sediment behaviour in gravel filters used in stormwater 
infiltration systems. 
Further to this, recent laboratory studies have shown that the clogging of stormwater 
systems is mainly due to formation of a clogging layer at the interface between the 
gravel media and underlying soil (i.e. at the bottom of the gravel filters, Siriwardene et 
al. 2006). A simple two parameter regression model that can predict changes in the 
exfiltration rate was proposed, that uses the cumulative mass of particles less than 
6μm that reach the filter/soil interface (i.e. outflow from the filters) as the only 
independent variable (Siriwardene et al., under review). For this model to be fully 
applied, it is necessary to model transport of fine sediment through the gravel filters. 
This paper presents the first stage of the sediment filtration model development. It 
focuses on modelling of clean filters that forms the basis for further development of 
the sediment transport of aging gravel filters. Based on a review of literature, two 
models, the k-C* and the Yao model (Yao et al., 1971), were selected and then tested 
against laboratory data. The data used are derived from a large dataset generated in 
a laboratory study into clogging of infiltration systems (Siriwardene et al., 2005; 
Siriwardene et al., 2006; Siriwardene et al., under review), which is also briefly 
described in this paper. 
2 METHOD 
2.1 Laboratory experiments 
The 1D rig was built from several mountable perspex segments, each having 0.2m 
internal diameter and 0.2m or 0.1m high as shown in Figure 1. Perforated small tubes 
wrapped in geotextile were placed inside each segment, to allow water sampling and 
pressure monitoring. The segments were assembled to construct a 0.9 m deep gravel 
filter media on top of a 0.7 m layer of soil. The gravel filter had a median particle size 
of d50=10.5 mm, whilst 10% of particles by weight were below d10 = 6.4 mm and 10% 
above d90 = 13 mm. The soil layer was made of very fine sand of d10= 115μm, 
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d50=215 μm and d90= 300 μm, and a saturated hydraulic conductivity of 2-8 ×10-5 m/s. 
The porosity of the gravel filter and soil were approximately 0.48 and 0.38 
respectively.  
 
Figure 1 : 1D Rig (Source: Siriwardene et al, 2005) 
In order to investigate the suspended solids transport through the gravel filter media 
the following laboratory program was conducted under two flow regimes, which are 
CWL - constant water levels in gravel, and FWL - fluctuating water levels in gravel to 
mimic water fluctuations during real storm events – Table 1 (Siriwardene et al., 2006). 
Type Constant Water Level (CWL) Fluctuating Water Level 
(FWL) 
Exp. Name E3 E12 E14 E2 E11 E9 E10 E13 E5 E8 E15 E16 
PSD No No Yes No Yes Yes Yes No No Yes Yes Yes 
Water level-
cm 
5 45 75 5-75 8-
75 
k0  3.95 4.65 6.5 3.25 5.5 3.24 3.8 2.94 2.7 4.1 5.7 7.4 
EMC  171 165 154 148 85 138 146 177 194 129 183 315 
Initial 
outflow-m3/s 








Time-days 18 9 18 35 40 9 43 7 7 16 10 14 
PSD – Analysis for Particle Size Distribution 
K0     – Initial soil hydraulic conductivity - (m/s) ×10-5   
EMC – Mean inflow sediment concentration – mg/L 
Table 1: Experimental details 
Synthetic stormwater was prepared in the tank using sediment collected from a 
nearby stormwater retarding basin mixing with tap water.  The sediment had on 
average d50=50 μm and d90 = 150μm, which mimic the particle size distribution 
recorded in real stormwater (e.g. Deletic and Orr, 2005). Flow rate was continuously 
recorded at the outflow using a tipping-bucket rain-gauge, while pressure sensors 
were used to record pressures inside the column. Water samples were collected from 
the inflow and along the sampling points of the filter at 2-3 days intervals for each 
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experiment. They were analysed for Total Suspended Solids (TSS) using the 
standard analytical method (APHA/AWWA/WPCF 1998), while in the majority of 
experiments a Malvern particle sizer-E were used to measure Particle Size 
Distribution (PSD). An experiment was concluded when clogging substantially 
reduced the outflow rate or in some cases due to equipment failure. 
Out of 12 experiments, PSD was measured in 7, while for the 5 experiments only TSS 
was monitored with no records on PSD being taken (Table 1). The TSS and PSD 
data of all collected samples of the seven experiments were used to determine the 
concentrations of 5 fractions, which are clay (< 2μm), fine silt (2-6μm), medium silt 
(6-20μm), coarse silt (20-63μm) and fine/medium sand (63-300μm). This 
Calibration-Data (138 data points) set was used for calibration and testing of the two 
models. To study the sediment behaviour in clean filters, it was decided to use only 
the 18 data points of the first days of Calibration-Data (Calibration Data-Clean). All 
the other data points were related to the processes in the clogged filters, which may 
have a substantial impact on filter behaviour. 
The data from the five experiments which had only observed TSS were used to verify 
the model results (Verification-Data – 48 data points). To find the required inflow 
concentrations of the above five fractions of the Verification-Data, the average inflow 
PSD of the Calibration-Data, together with the measured inflow TSS of the actual 
experiments was used, since PSD was not available.  
2.2 The k-C* Model 
The k-C* is a simple conceptual model, used to simulate the behaviour of pollutant 
pass through the system, based on the first-order kinetic decay theory that assumes 







=     (1) 
where, q is measured flow rate per area (m/s), L is depth of filter (m) and A is a 
parameter. The parameters k and A are lumped parameters representing the 
combined effects of a number of pollutant removal mechanisms (Wong et al. 2006). 
These two parameters may vary with pollutant concentration and hydraulic conditions 
even for the very same system for which they are calibrated (Kadlec 2000; Wong et 
al. 2006; Newton 2005).The model has been widely used in predicting the 
performance of wastewater treatment facilities (Kadlec 2000; Kadlec and Knight 
1996), as well as stormwater treatment facilities (Wong et al. 2006, CRCCH 2005).  
2.2.1 Modelling procedure 
For clean filters, the model coefficients A and k were obtained for each of the five 
particle size fractions and overall TSS separately using the Calibration Data-Clean 
and minimising an objective function (Sum of Squared Errors). TSS was also 
modelled as a sum of the 5 fractions for comparison. Therefore, the TSS model had 
10 calibration parameters (while only 2 when calibrated using overall TSS, rather than 
the five particle size fractions). To evaluate the model reliability, the Coefficient of 
Model Efficiency, E, (Nash and Sutcliffe 1970) and Pearson’s correlation coefficient 
between observed and predicted concentrations, R2, was calculated. 
For aging filters, the model coefficients A and k were obtained for each of the 5 
fractions and TSS in the same way as for the clean filters using all Calibration-Data. 
This means that 6 new sets of A and k were produced independently from the clean 
filter calibration. Using Verification Data, the model was verified. E and R2 between 
measured and calculated TSS were used to assess the model reliability. 
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2.3 The Yao Model 
The Yao model is physically based, where the outflow concentration of each particle 
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=  (3) 
where: n is filter porosity, η is efficiency of a single collector, α is Collision efficiency 
factor, dm is equivalent diameter of the filter media (m), dp is sediment particle 
diameter (m), T is absolute temperature, SGP is specific gravity of the sediment 
particles, v0 is macroscopic velocity (m/s), k is Boltzmann’s constant (1.38x10-23 JK-1) 
and μ is fluid viscosity. 
According to the authors, the only calibration parameter in the model is the collision 
efficiency factor, α, which depends on the surface chemistry of the filter media and 
the suspended particles. Unfortunately this means that it is dependent on the size of 
inflow sediment particles. The Yao model has been used in several groundwater 
applications (Logan et al. 1995), while Newton (2005) tested it successfully for a 
gravel filter used in construction of porous pavements (installed underneath the 
pavement).  
2.3.1 Modelling Procedure 
It was assumed that the relevant velocity for a collector within a filter is the interstitial 
flow velocity, vi = vo/n as the macroscopic velocity (vo) in the model is appropriate for 
an isolated sphere (Newton, 2005). Since the collection efficiency factor (α) is heavily 
dependent on sediment particle size, the influent solution was divided into particle 
sizes of above 5 fractions to calculate a separate efficiency for each size. Using this 
approach and Calibration Data-Clean, the collision efficiency factor, α, was calibrated 
for each of the 5 fractions by using Equation (2). TSS was only modelled as a sum of 
the concentrations of 5 fractions (i.e. it was not attempted to calibrate the model 
against TSS since α is highly sensitive to particle size). E and R2 coefficients were 
used to estimate the model reliability.  
For aging filters, an attempt was made to calibrate the Yao model using all the 
available data for calibration - Calibration Data, (following the same procedure as in 
modelling clean filters). Similarly, the model was then verified for TSS using the 5 
independent experiments (using Verification Data).  
2.3.2 Modification of Yao Model - Clean Filters 
The Yao model for clean filters has as many calibration parameters as modelled 
particle size fractions (in our case 5). Therefore, an aim was to minimise this number 
by finding a universal calibration parameter that could work for all particle sizes. We 
proposed a simple relationship between the collision efficiency factor α and the 
sediment particle size diameter (dp): 
pd
βα =     (4) 
Substituting Equation (4) into Equation (2), the improved version of the Yao model for 
clean filters was proposed : 
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where β is the universal calibration parameter independent from the fraction size.  
The Equation (4) was further tested for 7 fractions (ie. 1, 4, 8, 15, 27.5, 49, 181.5 μm), 
to examine the sensitivity of this relationship to the number of fractions used in the 
modelling. The universal coefficient β  was obtained by optimizing the performance of 
the modified Yao model for clean filters using Calibration Data-Clean. The objective 
function was the sum of efficiencies of the models for each of the 5 fractions weighted 
by the importance of each fraction for TSS. 
3 RESULTS AND DISCUSSION 
From Table 2, it is clear that the K-C* model performed well for clean filters, for all the 
fractions and TSS (modeled in both ways). The Yao model was also successfully 
calibrated for clean filters (Table 2) with the collision efficiency factors of αClay= 2.208, 
αF.silt = 0.931, αM.silt = 0.142, αC.silt = 0.047 and αSand = 0.013 for the 5 fractions. Figure 
2 shows that both models are highly efficient for fine particles (Clay and Fine Silt 
modeled together), that are of particular interest; if we are to predict clogging of 
stormwater infiltration systems that occurs on the interface between the filters and 
underplaying soils we need to be able to model the cumulative mass of particles less 
than 6 μm (Siriwardene et al, under review).  
Model Name k-C*  Yao  
Filter type Clean  Aging Clean Aging 
Clay              (<2 μm) 0.75 0.38 0.75 -0.08 
Fine Silt        (2-6 μm) 0.99 0.51 0.91 0.07 
Medium Silt (6-20 μm) 0.99 0.58 0.98 0.48 
Coarse Silt    (20-63 μm) 0.98 0.30 0.83 0.05 
Sand              (63-300 μm) 0.90 0.00 0.62 -0.20 
TSS – sum of the 5 fractions 0.99 0.47 0.97 0.30 
TSS – independent calibration 0.97 0.35 - - 
TSS– sum of 5 fractions - 0.38 - 0.30 
TSS – independent calibration - 0.02 - - 
Table 2 : The model coefficient, E, for two models and filter types 
However, it was not possible to successfully calibrate and verify the models using the 
data collected during the entire life-span of the filters (Tab. 1). Figure 3 shows that the 
models are not very efficient for predicting fine particles. TSS modeled using the k-C* 
model with 2 independent parameters was worse than the k-C* with 10 calibration 
parameters (i.e. 2 for each particle size fraction), particularly in the verification stage. 
The fact that the verification E was much lower than the calibration E, suggests that 
this model needs to be calibrated for each new site. The physically based Yao model 
does not model the migration and wash-off of the accumulated particles, and 
therefore it is not surprising that it failed to model aging filters. However, it had E=0.3 
for both the calibration and verification stages, showing good consistency. 
The proposed modification to the Yao model for the clean filters was tested by plotting 
the calibrated collision efficiency, α  for the 5 fractions against 1/dp, where dp is the 
median diameter of the fraction (Figure 4 uses logarithm scale for clarity).  
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Figure 2 : The observed versus modelled < 6 μm concentrations for clean filters: (a) k-C*, (b) Yao  
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Figure 4 : Yao Model collision efficiency factor versus particle size diameter 
It is clear that the proposed linear relationship between α and 1/dp (Eq. 4) was giving 
very good results, and is not highly sensitive to the number of fractions modeled (Fig 
4). It was therefore concluded that β=2.157 can be used as a universal constant 
across all fractions for the gravel filter studied, and the only calibration parameter 
needed in the improved Yao model for clean filters. Using this modification the five 
coefficients in the original Yao model were reduced to one. 
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4 CONCLUSIONS 
Although it is vital to reliably model the sediment behaviour in stormwater gravel filters 
over their life-span, no such model has been developed to date. The k-C* and Yao 
models were tested by using the data collected in an extensive laboratory study of 
sediment transport through gravel filters of stormwater infiltration systems. Both the k-
C* and Yao models were able to reliably predict the sediment transport in clean filters, 
but they failed to predict sediment behaviour in aging filters. The conceptual k-C* 
model was somewhat bit better than the Yao model, but showed less consistency 
with verification not being achievable.  
The original Yao model is very sensitive to the particle size diameter and hence a 
collision efficiency factor had to be calibrated for each fraction. Therefore, the original 
Yao model for clean filters was modified by establishing a simple relationship 
between the collision efficiency factor and the particle size diameter. This reduced the 
number of calibration coefficients in the Yao model to only one single parameter.  
Future research is focussing on modifications of the Yao model for use in aging filters.     
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